This paper deals with the wind loading and response of structures in mixed climates including the occurrence of extra-tropical depressions, thunderstorms and gust fronts; tropical cyclones and tornadoes are not considered here. Four main aspects are pointed out. The first concerns the use of monitoring networks and large datasets to separate and classify wind phenomena into different families, with the aim of improving the interpretation of events of engineering interest, the statistical analysis of extreme wind velocities, the determination of the wind-induced response and the safety format of structures. The second refers to the decomposition of wind velocity records. The third deals with the response spectrum technique, not only as an ideal tool for calculating the structural response to thunderstorms, but also as a mean for revisiting the whole matter of the wind-excited response in a more general and comprehensive framework. The fourth involves mixed velocity and response statistics, pointing out some shortcomings of classical approaches and depicting novel scenarios for a more general and rational scheme aiming to pursue structural safety analyses.
Introduction
Coherently with the formulation introduced by Davenport (1960 Davenport ( , 1961 , the design wind velocity of structures is usually identified with extra-tropical depressions typical of temperate countries at mid latitudes. The wind velocity in a time interval between 10 minutes and 1 hour, representative of the spectral gap separating the macro-and micro-meteorological peaks, is schematized as a random, stationary, Gaussian process. The atmosphere is dealt with as neutrally stratified and the velocity vertical profile is in equilibrium with the terrain roughness according to the basic laws of the planetary boundary layer (PBL). The intensity of the design wind velocity is established in a probabilistic framework, by attributing the mean wind velocity a suitable return period.
With the passing of years there has been a growing awareness that thunderstorms have a key role on wind actions and effects on structures , Solari (2013) ]. Thunderstorm is an atmospheric phenomenon of convective nature that may cause an air downdraft that impinging on the ground may give rise to radial outflows; the whole of these air movements is called downburst and is divided into macroburst and microbursts depending on its size. The velocity occurring in the radial outflows is non-stationary and non-Gaussian. The vertical profile of the velocity is nearly independent of the terrain roughness and has a typical nose shape fully different from the shape that characterizes extra-tropical depressions. It is now widely recognized that wind phenomena with a return period greater than 10-20 years are often associated with thunderstorms.
Some recent studies have shown that, in addition to extra-tropical depressions and thunderstorms, a third wind phenomenon of intermediate properties exists, also called gust front [Kasperski (2002) , ]. In this phenomenon the wind velocity tends to be stationary but not Gaussian. The mean velocity is rather limited; turbulence is very high and causes peaks of relevant intensity. The meteorological conditions during which these phenomena occur are still poorly understood. The wind velocity records, however, seem to indicate conditions characterized by high atmospheric instability.
Mixed climate refers to a climatology in which wind phenomena of different nature coexist [Gomes and Vickery (1977/1978) ], e.g. extra-tropical depressions, thunderstorms and gust fronts. This paper deals with such phenomena without considering tropical cyclones and tornadoes for which reference should be made to specialist literature.
The study of wind velocity and structural response in mixed climates is still heavily conditioned by the striking contrast between the huge amount of data available with regard to extra-tropical depressions and the extreme poverty of measures relating to thunderstorms and gust fronts.
The project "Wind and Ports" [Solari et al. (2012) ] offers an important contribution to the growth and the advance of the knowledge on mixed climates. Started in 2010 and finished in 2012, it was financed by the European Territorial Cooperation Objective, Cross-border program "Italia -France Maritime 2007-2013". It involved the Port Authorities of the five main ports in the Tyrrhenian Sea, namely Genoa, La Spezia, Livorno, Savona and Bastia. The Department of Civil, Chemical and Environmental Engineering (DICCA) of the University of Genoa was the scientific actuator. The project handled the problem of wind forecast in port areas through an integrated system including the realization of a wide in situ monitoring network, the numerical simulation of wind fields, the statistical analysis of large wind velocity datasets, and the implementation of algorithms for middle-term (1-3 days) and short-term (0.5-2-hours) wind forecast. Final results are made directly available to port operators through an integrated Web Gis global system for the safe management of port areas. A new project involving the same partners, "Wind, Ports and Sea", has been recently financed by European Community and started in 2013, with the scope of continuing and developing further the previous project.
This paper exploits the data and the knowledge gained during the project "Wind and Ports" in order to investigate critical aspects of the wind loading and response of structures, to highlight emerging issues not yet studied enough, to depict new frameworks more coherent with physical reality. The first section describes the monitoring network and the dataset of the project "Wind and Ports", and a semi-automated criterion to separate and classify different wind phenomena into homogeneous families. The second discusses the rules for decomposing the velocity of any wind phenomenon, focusing on the peculiar aspects of the decomposition of extra-tropical depressions, thunderstorms and gust fronts. The third introduces the response spectrum technique as an efficient tool to evaluate the structural behavior under thunderstorm actions, compares the structural response provided by stationary and non-stationary and Gaussian and non-Gaussian wind actions, discusses the opportunity of revisiting this whole matter in a more general and comprehensive framework. The forth deals with the statistical analysis of extreme wind velocities and wind-induced effects in mixed climates, points out some shortcomings of the classical approaches to this matter, introduces new ideas with reference to a more general and rational scheme to pursue structural safety.
Monitoring Network, Datasets and Wind Classification
Monitoring network, wide datasets and the classification of different wind phenomena are key issues to study the wind in mixed climates. This section includes four sub-sections aimed at illustrating, respectively, the monitoring network realized for the project "Wind and Ports", the main properties of the three phenomena that characterize the mixed climate, namely extra-tropical cyclones, thunderstorms and gust fronts, the framework of the datasets into which the data belonging to different phenomena are stored, and the algorithm by which these phenomena are separated and classified to carry out homogeneous evaluations of the wind-excited response of structures and determine the distribution of extreme wind velocities and wind-induced effects ]. Fig. 1 shows the anemometric monitoring network realized for the project "Wind and Ports" in the Ports of Genoa, Savona, La Spezia, Livorno and Bastia. The network is constituted by 22 ultrasonic anemometers (circles) whose most important properties are listed in Table 1 (h is the height of the anemometers above ground); 9 anemometers co-financed by the Port Authority of Genoa are being installed in the Port of Genoa (squares in Fig. 1) ; 6 anemometers and 3 lidars will be installed in 2014, in the framework of the project "Wind, Ports and Sea".
Monitoring Network
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K-53 -axial  10  1  3 3  2  1 8  3  2 7  4  3 2  5  4 2  Genoa  1  61,4  bi-axial  10  2  13,3  La Spezia  1  15,5  bi-axial  10  2  1 3  3  1 0  4  1 1  Livorno  1  20  tri-axial  10  2  2 0  3  2 0  4  2 0  5  7 5  Bastia  1  10  bi-axial  2  2  1 0  3  1 3  4  1 0  5  1 0 The position of the instruments has been chosen in order to cover homogeneously the five port areas and to register undisturbed wind velocity histories. Instruments are mounted on high rise towers and on some antenna masts at the top of buildings, at least at 10 m height above ground level, with special attention to avoid local effects contaminating the measures. Wind measurements are collected with a precision of 0.01 m/s and 1 deg for intensity and direction, respectively.
A set of local servers placed in each port authority headquarter receives the measures from the anemometers in their own port area, and elaborates the basic statistics on 10-minutes periods, namely the mean and peak wind velocities and the mean wind direction. Each server automatically sends this information to the central server in DICCA. Two files are transferred every 10 minutes containing, for each anemometer, the raw data and the statistical values of the previous 10-minutes periods. The operational centre of DICCA stores this data into a central dataset, after having systematically checked and validated the data received. The real time transfer is crucial for short term forecasting [Burlando et al. (2013) ].
Starting from the above dataset a new dataset is created, referred to as dataset 1, which stores the main statistical parameters of the anemometric measurements. One record for each subsequent 10-minutes period is created, which gathers such wind parameters into 3 groups: 1) peak velocity V p10 averaged on τ = 1 s, mean velocity V m10 , mean direction α m10 , gust factor G 10 = V p10 /V m10 , turbulence intensity I 10 , skewness γ 10 and kurtosis κ 10 in T = 10-minutes time intervals; 2) mean velocity V m60 , gust factor G 60 = V p10 /V m60 , turbulence intensity I 60 , skewness γ 60 and kurtosis κ 60 in the 1-hour interval centered around T; 3) maximum value in T of the mean wind velocity averaged over 1-minute V m1 and gust factor G 1 = V p10 /V m1 .
Wind Classification
Intense wind phenomena are classified into three families with different properties: 1) extra-tropical depressions (D) of synoptic nature, related to neutral atmospheric conditions, with relatively large mean velocities and small gust factors; they are stationary (S) Gaussian (G) events; 2) thunderstorms (T), with large peak velocities and gust factors but relatively small mean velocities; they are non-stationary (NS) non-Gaussian (NG) events; 3) intermediate phenomena or gust fronts (F), related to unstable atmospheric conditions, with relatively small mean velocities but large peaks and gust factors; they are stationary (S) non-Gaussian (NG) events. The definition of stationary event refers to time periods from 10 minutes to 1 hour.
Figs. 2, 3 and 4 show three events of the aforementioned types, referred to a 1-hour period. The scheme (a) shows the time-history of the wind speed raw data, the mean values on 1 hour (horizontal line) and 10-minutes subsequent periods (dotted line), and the 1-s peak (circle) (smaller than the instantaneous peak); the scheme (b) shows the histogram of the wind speed measures, compared with the ideal Gaussian density matching the mean wind speed and the standard deviation; the scheme (c) shows the time-history of the wind direction raw data, the mean value on 1 hour (horizontal line) and the mean values on 10-minutes subsequent periods (dotted line); the scheme (d) shows the polar histogram of the wind direction. Fig. 2 shows a typical 1-hour record of a S G depression (D). It is registered by the anemometer 3 of the Port of La Spezia (Fig. 1) . The wind blows from Southwest. The measured event has a relatively high mean wind velocity V m60 = 12.94 m/s and a 1-s gust peak V p10 = 20.40 m/s; the turbulence intensity I 60 = 0.16 and the gust factor G 60 = 1.58 are typical of neutral atmospheric conditions. The skewness γ 60 = -0.08 and the kurtosis κ 60 = 3.25 denote a typical Gaussian distribution; the Gaussian density function f V (v) is closely superimposed on the histogram of the recorded velocity v. The wind direction has stationary features. Fig. 3 shows a typical 1-hour record of a NS NG thunderstorm (T). It is registered by the anemometer 3 of the Port of La Spezia (Fig. 1) . The wind blows from South. The measured event has a relatively low mean velocity V m60 = 8.11 m/s, a relatively high 1-s gust peak V p10 = 23.57 m/s and a gust factor G 60 = 2.90. The skewness γ 60 = 0.30 and the kurtosis κ 60 = 2.46 denote a typical
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto Wind non-Gaussian distribution. The time-history of the wind direction shows rapid variations immediately after the gust peak. Fig. 4 shows a typical 1-hour record of a S NG gust front (F). It is registered by the anemometer 3 of the Port of La Spezia (Fig. 1) . The wind blows from Southwest. The measured event has a low mean velocity V m60 = 5.51 m/s and a relatively intense 1-s gust peak V p10 = 15.68 m/s; the turbulence intensity I 60 = 0.48 and the gust factor G 60 = 2.85 are much higher than those which are typical of neutral atmospheric conditions. The skewness γ 60 = 0.63 and the kurtosis κ 60 = 3.61 denote a moderately non-Gaussian distribution. The time-history of the wind direction is characterized by a relatively large variability, clearly pointed out by the spread in the polar histogram of the wind direction.
Datasets
The original set of the raw data is transformed into more datasets associated with different wind phenomena. Fig. 5 shows the conceptual flowchart of this procedure.
a) The series of the mean wind velocities V m10 stored in dataset 1 is processed by the method of storms [Cook (1982) ]. The mean wind velocities over subsequent 10 hours periods is first calculated; such velocities are searched sequentially from the beginning, in order to find the first occurrence on which the wind speed drops below a given threshold V*; this instant is referred to as the start of a lull; between the start of two subsequent lulls a wind storm occurs. The threshold V* is chosen in such a way as to identify, for each anemometer, about 100 storms per year. , thunderstorms (T) and gust fronts (F), respectively. e) Starting from dataset 3, dataset 9 is extracted. It contains the sub-set of the records related to all the V m10 values due to extra-tropical depressions (D) and corresponds, in terms of mean wind velocities, to the dataset 6 in terms of peak wind velocities. f) Starting from datasets 6 to 9, datasets 10 to 13 are extracted. Datasets 10 and 13 contain, for each subsequent storm, the sub-set of the records associated with the maximum independent V p10 and V m10 values corresponding to extra-tropical depressions (D). Datasets 11 and 12 contain the sub-set of the records associated with the maximum independent V p10 values corresponding to thunderstorms (T) and gust fronts (F), respectively.
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Separation Algorithm
Each anemometer is qualified via a card that reports its position, height h over ground and main technical characteristics. This card also provides the turbulence intensity I 0 10 and the three reference gust factors G 0 10 , G 0 60 and G 0 1 at height h; all these quantities are functions of the direction α m10 of the oncoming wind; the apex 0 indicates that such values are evaluated numerically assuming, as it is classical, that intense velocities occur in neutral atmospheric conditions and correspond to stationary Gaussian processes [Solari et al. (2012) ].
The separation among depressions (D), thunderstorms (T) and gust fronts (F), indicated in Fig. 5 as the extraction of datasets 6 to 8 from dataset 2, and of dataset 9 from dataset 3, is carried out through a semi-automated procedure whose conceptual flow-chart is shown in Fig. 6 . Such procedure is a mix of quantitative controls, based on comparing measured gust factors with their reference values (Table 2) , and qualitative checks, involving expert judgment inspired by the visual examination of the recorded time histories and measured skewness and kurtosis values.
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K-57 m10 , V p10 , V m10 ; storms; G 10 , I 10 , 10 , 10 ; … It is worth noting that the above procedure usually involves a very low number of qualitative controls. As an example, the number of the required qualitative control is 349 out of 105264 data (0.33 %) for the anemometer 3 of the Port of La Spezia, and 86 out of 131472 data (0.06 %) for the anemometer 4 of the Port of Livorno.
Once depressions (D), thunderstorms (T) and gust fronts (F) have been separated into different datasets, a suitable series of independent extremes should be extracted from each of them. The maximum values of extra-tropical depressions related to subsequent storms are dealt with as independent, provided that they are separated by at least 72 hours. Preliminarily, the maximum values of thunderstorms and gust fronts are dealt with as independent, provided that they are separated, respectively, by at least 6 and 24 hours.
Wind Velocity Decomposition
In general terms, the instantaneous velocity u of any wind phenomenon may be expressed by:
( 1) where t is the time, is the time-varying mean velocity, and is the residual fluctuating component of u. The mean velocity is driven by the large scale flow and may be considered as
Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto deterministic; the fluctuating velocity is induced by the small scale turbulence and may be dealt with as a random process given by: (2) where is the time-varying standard deviation of and is the reduced fluctuating wind velocity. The quantity conceptually belongs to the medium scale: on the one hand, it is a random property of the fluctuating velocity at the turbulence scale; on the other, it is driven by the mean wind velocity at the large scale and can be considered as deterministic. The quantity , linked with the atmospheric turbulence, is a small scale random function.
Replacing Eq. (2) into Eq. (1), the wind velocity u may be rewritten as:
where I u is referred to as the time-varying turbulence intensity:
The operative use of this decomposition criterion involves different aspects depending on the wind phenomenon to which is applied. The following three sub-sections discuss such aspects with reference to extra-tropical depressions, thunderstorms and gust fronts, respectively.
Extra-tropical Depressions
In the case of extra-tropical depressions, the mean wind velocity , the standard deviation , and the turbulence intensity I u are referred to a time interval T = 10 minutes and, on such interval, they are constant quantities. The reduced fluctuating wind velocity is a random stationary Gaussian process univocally defined through its power spectral density (PSD) function. Fig. 7(a) shows the wavelet map of , multiplied by the frequency n, for the record in Fig. 2(a) ; the time-frequency representation is obtained through a wavelet transform generated by a Morlet-type analytic base; it confirms, compatibly with the shortness of the signal, the substantial stationary character of this phenomenon. Fig. 7(b) shows the PSD of for the same record; in the inertial sub-range it is nearly proportional to n -5/3 .
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Fig. 7. Wavelet map multiplied by the frequency n (a) and PSD (b) of the reduced fluctuating wind velocity associated to the record in Fig. 2(a) .
Thunderstorms
The non-stationary character of thunderstorms makes their mean value on T = 10 minutes not representative. For this reason it is usual to make recourse to a time-varying mean value [Chen and Letchford (2004a) ] determined through mobile mean operators [Holmes et al. (2008) ], empirical mode decomposition [Xu and Chen (2004) ], wavelet shrinkage [Chen and Letchford (2005a) ] or Hilbert transform [Wen and Gu (2004) ]. The classical choice of adopting a moving average period T should mediate between two opposite trends ]: if T is too large, the residual fluctuating component contains proper elements of the large scale wind structure; if T is too small, the time-varying mean part of the velocity implies turbulence fluctuations at the small scale. Fig. 8 shows the above decomposition for the record in Fig. 3(a) . The moving average period T = 20 s is adopted to extract both the time-varying mean wind velocity and the time-varying standard deviation. Schemes (a)-(f) show, respectively, u, , ,
, I u and . It is worth noting that, though leaving from a non-stationary and non-Gaussian phenomenon, the above decomposition leads to a reduced fluctuating wind velocity with stationary and Gaussian characteristics. Fig. 9(a) shows the wavelet map of , multiplied by the frequency n, for the record in Fig. 3(a) ; it confirms, compatibly with the shortness of the signal, its substantial stationary character. Fig. 9(b) shows the PSD of for the same record; likewise for the extra-tropical depressions, in the inertial sub-range it is nearly proportional to n -5/3 . It is worth mentioning that the time-varying turbulence intensity is much lower than that corresponding to a PBL in equilibrium with the local terrain roughness; this property is valid for all the examined thunderstorm records. It can be deduced that the terrain roughness has a negligible effect on the structure of thunderstorms ].
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Gust Fronts
Analogously to extra-tropical depressions, also in the case of gust fronts the mean wind velocity , the standard deviation σ u , and the turbulence intensity I u are referred to a time interval T = 10 minutes and, on such interval, they are constant quantities. Differently from extra-tropical depressions and also from thunderstorms, however, the reduced fluctuating wind velocity is a random stationary but non-Gaussian process; so, it is not univocally defined by its PSD. Fig. 10(a) shows the wavelet map of , multiplied by the frequency n, for the record in Fig. 4(a) ; it confirms, compatibly with the shortness of the signal, its substantial stationary character. Fig. 10(b) shows the PSD of for the same record; likewise for extra-tropical depressions and thunderstorms, in the inertial sub-range it is nearly proportional to n -5/3 .
Wind-induced Response of Structures
The classical formulation of the wind-excited response of structures, as stated by Davenport (1961) with reference to the alongwind direction, assumes that the wind velocity in a time interval between 10 minutes and 1 hour is a stationary Gaussian process. Such velocity is transformed into an aerodynamic action by assuming that turbulence is small and neglecting the contribution of the quadratic term of the fluctuations; so, as the wind velocity, also the aerodynamic action is Gaussian. Thus, dealing with a structure with linear elastic behaviour, also its response is Gaussian. Davenport (1964) himself expressed the maximum value of the response by a distribution function obtained assuming that the up-crossings of a suitably high response threshold are rare and independent events. Since the resulting density function of the maximum response is narrow and sharp, its mean value is sufficiently representative of the maximum response. The above procedure is clearly not applicable to thunderstorms and gust fronts: the former are non-stationary and non-Gaussian phenomena, the latter are stationary but non-Gaussian. The literature on the dynamic response of structures to thunderstorms follows two main pathways: the first deals with the problem in time-domain, starting from thunderstorms registered or simulated through the decomposition criterion described in the previous section [Choi and Hidayat (2002) , Chen and Letchford (2004b) , Chay and Albermani (2005) ]; the second schematizes thunderstorms by evolutionary PSD functions and wavelet transforms [Kwon and Kareem (2009), Huang and Chen (2009) ]. None of these methods is suitable for simple engineering applications and regulatory schemes. To authors' knowledge, there are currently no procedures for analyzing the dynamic response of structures to gust fronts.
Considering, on the one side, the transient nature and short duration of thunderstorms, and, on the other, the necessity of offering more early the engineering and regulatory sectors a suitable tool to capture the main aspects of the wind-excited response of structures to such a phenomenon, Solari et al. (2013) showed that the response spectrum technique [Solari (1989) ] is a natural candidate to overcome all these problems. Such technique is not only highly indicated to evaluate the dynamic response of structures to thunderstorms; being applicable to any wind phenomenon, it is very suitable to create a homogenous framework for determining the wind-induced response of structures in mixed climates, comparing the most salient aspects of extra-tropical depressions, thunderstorms and gust fronts.
This section addresses this issue by means of four sub-sections. The first introduces the response spectrum technique dealing with the wind as perfectly coherent on the exposed structural surface. The second examines the role of the partial correlation of wind pressures. The third discusses the properties of the response spectrum of thunderstorms. The fourth carries out a critical comparison between the response spectrum of extra-tropical depressions, thunderstorms and gust fronts.
Response Spectrum Technique
Let us consider a structure subjected to any wind phenomenon, i.e. an extra-tropical depression, a thunderstorm or a gust front. From a dynamical viewpoint, it is schematized as a single-degreeof-freedom (SDOF) system with mass m, damping c and stiffness k. From an aerodynamic viewpoint, it is schematized as a board with area A perpendicular to the wind direction. The alongwind displacement x is given by the solution of the equation of motion:
where f is the alongwind force: (6) ρ is the density of air, u is the instantaneous velocity of wind, dealt with as perfectly coherent, c D is the drag coefficient. 
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Let us define the wind response spectrum as: (7) where d(t) is the time-history given by the solution of the equation of motion:
in which is the fundamental circular frequency, n 0 being the fundamental frequency, is the damping coefficient, v is the non-dimensional ratio:
is the maximum value of the modulus of u(t) averaged on a short time interval τ. In this paper τ = 1 s.
The comparison of Eqs. (5) and (8) shows that the maximum value of the modulus of the alongwind displacement x(t) and the equivalent static force, i.e. the force that statically applied on the structure gives rise to the maximum dynamic response, are given by:
where and are, respectively, the force f associated with and the displacement caused by the static application of :
It is immediate to show that the response spectrum S d coincides with the maximum dynamic magnification factor (MDMF) applied by Chen and Letchford (2004b) , the dynamic response factor (DRF) adopted by Chay and Albermani (2005) , and the dynamic coefficient introduced by the Eurocode 1 (2005) and by many other codes. Furthermore, it is immediate to demonstrate that the following limit conditions apply, respectively, to infinitely flexible and to infinitely stiff structures:
By virtue of Eq. (9), for infinitely stiff structures S d ≥ 1. In particular, S d = 1 for τ tending to zero. S d increases on increasing τ, i.e. on reducing .
Partial Correlation of Wind Pressures
Differently from the previous treatment, let us consider the real situation in which wind is not perfectly coherent. So, instead of Eq. (6) the alongwind force f is given by: 
where is a function of M and t. Focusing on extra-tropical depressions and thunderstorms, this quantity is a multi-dimensional stationary Gaussian process identified, in the frequency domain, by its cross-PSD:
M' is a generic point on the surface A, S is the PSD of dealt with as independent of M, and Coh is the coherence function of (M, t) and (M', t). By means of the equivalent wind spectrum technique [Solari (1988) ], Eq. (18) may be approximated by the relationship: (20) where u' eq is referred to as the reduced equivalent velocity fluctuation: eq is suitably approximated by a time-history function whose Fourier transform is given by the relationship: (24) where U _ ' is the Fourier transform of the reduced fluctuating wind velocity. In the light of the above formulation, the response spectrum S d reduces on increasing the structural surface A exposed to wind. Two noteworthy limit cases exist. The first case, where A tends to zero, is identified with the hypothesis according to which wind is perfectly coherent; thus, the response spectrum S d is exactly the same obtained in the previous sub-section. In the second case, where A tends to infinity, the aerodynamic admittance function χ and the reduced equivalent velocity fluctuation u' eq tend to zero; thus, the response spectrum is identified with the response spectrum of the time-varying mean wind velocity; it is given by Eqs. (7)- (9) replacing u (t) by u _ (t). Due to the non-Gaussian nature of , the study of gust fronts deserves advanced formulations and further research.
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto Thunderstorm Response Spectra Fig. 11(a) shows the response spectra S d , for ξ = 0.01 and A = 0 (thin lines), of 14 thunderstorms recorded by the anemometers 2 and 3 of the Port of La Spezia ( Fig. 1 and Table 1 ) in the period 2011 -2012 . The thick line corresponds to the mean response spectra <S d >, i.e. the mean value of the response spectra related to each thunderstorm record; this definition is coherent with that of the mean value of the maximum response classically used to represent the wind-excited response of structures to stationary synoptic depressions. Fig. 11(b) shows the mean response spectra of the above 14 records for ξ = 0.002, 0.005, 0.01, 0.02 and 0.05, being A = 0. The spectra tend to increase on increasing the fundamental frequency up to about n 0 = 0.4 Hz; they are rather uniform in the range between n 0 = 0.4 and 2-3 Hz, then decrease on increasing n 0 above 2-3 Hz. Fig. 12(a) shows the mean response spectra <S d > for ξ = 0.01 and A = 0 of the thunderstorms recorded by the anemometers of the Port of La Spezia, Genoa and Livorno in the period 2011-2012 (thin lines); the thick line corresponds to the average value of the mean response spectra, referred to as the cumulative response spectrum <S d > -. The spread between the mean response spectra associated with the three ports is very limited and the cumulative response spectrum has a rather regular trend. On increasing the fundamental frequency, it exhibits an increasing trend in the low frequency range, a rather uniform value in the intermediate frequency range, and a decreasing trend in the high frequency range. Fig. 12(b) shows the cumulative response spectra of thunderstorms for A = 0 and ξ = 0.002, 0.005, 0.01, 0.02 and 0.05. Fig. 12(c) shows the non-dimensional ratio η, for A = 0, between the cumulative response spectrum for any ξ and its reference value for ξ = 0.01; η is almost constant in the whole frequency range explored herein. Fig. 12(d) shows a diagram of the mean value of η in the range n 0 = 0.2-2 Hz (corresponding to the most typical values of the fundamental frequency) as a function of ξ. Fig. 13(a) shows the cumulative response spectra, for ξ = 0.01, on varying the area A of the structural surface exposed to wind; they decrease on increasing A; for A tending to infinity the spectrum coincides with the response spectrum of the time-varying mean wind velocity. Fig. 13(b) shows the non-dimensional ratio μ, for ξ = 0.01, between the cumulative response spectra for any A and their reference value for A = 0. The diagrams of μ are very regular especially in the range n 0 = 0.2-2 Hz, corresponding to the most typical values of the fundamental frequency: they are almost independent of n 0 for small and large values of A, while decrease moderately on increasing n 0 in the intermediate range of A.
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto Fig. 14(b) shows the mean response spectra of the above 17 records for ξ = 0.002, 0.005, 0.01, 0.02 and 0.05, being A = 0. The spectra increase on decreasing ξ; they are relatively uniform for n 0 = 0.1-1 Hz, while tend to decrease in the high frequency range. Fig. 15 compares the mean response spectra of thunderstorms (T) (Fig. 11) and depressions (D) (Fig. 14) for ξ = 0.002 (a) and ξ = 0.05 (b), with A = 0. For low damped structures (ξ = 0.002) and small values of n 0 , the mean response spectrum of depressions is much greater than that corresponding to thunderstorms; this mainly happens because the structure is struggling to develop fully the resonance under actions with short duration; for large values of n 0 thunderstorms and depressions have comparable spectra. For high damped structures (ξ = 0.05) and small values of n 0 , the mean response spectra of depressions are moderately greater than those corresponding to thunderstorms; for large values of n 0 this trend is reversed, and the mean response spectra of thunderstorms prevail over those of depressions.
It is worth noting that the above comparison is carried out by calculating the wind-excited response to both thunderstorms and depressions by a rigorous time-domain integration of the equations of motion. However, the traditional analysis of the wind-excited response to depressions is usually carried out in the frequency-domain, neglecting the quadratic term of the turbulence and expressing the maximum value of the response by Davenport's distribution. Solari
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K-67 (2013) has shown that this approach greatly overestimates the response of flexible low damped structures due to the narrow band nature of the response process. On the other hand, it underestimates the response of rigid high damped structures since it neglects the quadratic term of turbulence. These considerations are very important because the comparison between the windexcited response to thunderstorms (in time-domain) and the classical wind-excited response to depressions (in frequency domain, neglecting the quadratic term of the turbulence and expressing the maximum value of the response by Davenport's distribution) exalts the differences shown by Fig. 15 . Fig. 16(a) shows the response spectra S d , for ξ = 0.01 and A = 0 (thin lines), of 14 gust fronts registered by the anemometers 2 and 3 of the Port of La Spezia in the period 2011-2012; the thick line corresponds to the mean response spectrum <S d >. Fig. 16(b) shows the mean response spectra of the above 14 records for ξ = 0.002, 0.005, 0.01, 0.02 and 0.05, being A = 0. The spectra are relatively uniform for n 0 = 0.3-3 Hz, while they tend to decrease in both the low and high frequency ranges. Fig. 17 compares the mean response spectra of depressions (D), thunderstorms (T) and gust fronts (F) for ξ = 0.002 (a) and ξ = 0.05 (b), with A = 0; the response to gust fronts is often greater than the response to thunderstorms and, in some cases, than the response to depressions. It is
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto (a) (b) worth noting, especially, that the envelope of the maximum values of the mean response spectra of depressions, thunderstorms and gust fronts has a trend substantially independent of n 0 in the typical range of the fundamental frequencies (n 0 = 0.2-2 Hz); this seems to contradict the classical concept in accordance with which the dynamic coefficient decreases on increasing n 0 . Further investigations are necessary [Solari (2013) ].
Mixed Velocity and Response Statistics
Taking a cue from the pioneering paper of Gomes and Vickery (1977/8) , the statistical analysis of the maximum value of the peak wind velocity û is usually carried out according to four steps: 1) different wind events, i.e. extra-tropical depressions (D), thunderstorms (T) and gust fronts (F), are separated; 2) for each wind phenomenon the distribution of the maximum peak wind velocity F Û E (û)(E = D, T, F) is determined; 3) such distributions are combined into one mixed distribution of the maximum peak wind velocity:
4) the design return period R d is assigned and the design peak wind velocity is obtained:
It is worth noting that, once obtained the mixed distribution of the maximum peak wind velocity, and so the design peak wind velocity, this quantity loses the memory of its genesis and of the events that contributed to its estimation. It is also worth noting that, as already observed, while there is a wide and consolidated literature on the structural behavior under extra-tropical depressions, there is no simple and reliable engineering method to determine the structural behavior under thunderstorms and gust fronts. For this reason, once determined the design value of the peak wind velocity by mixed statistics, such value is traditionally put into calculation models and regulatory schemes based on extra-tropical depressions. This is clearly at odds with the awareness that the wind velocities that most affect the tail of the distribution of the maximum are often related to thunderstorms and sometimes to gust fronts. Using a distribution of the maximum or a design peak wind velocity without any link with its genesis is even more striking in the light of the different behavior of structures regarding different wind exciting phenomena.
This section first illustrates the application of the classical method described above, referred to as the Dynamic Coefficient Method (DCM), then introduces two other approaches, namely the Database Assisted Design (DAD) and the Independent Loadings Technique (ILT). The windexcited response of structures is expressed through the equivalent static velocity pressure, i.e. that velocity pressure that statically applied on the structure gives rise to the maximum actual dynamic response. The results of the analyses are compared and critically discussed by means of applications.
Dynamic Coefficient Method
The Dynamic Coefficient Method (DCM) is the typical approach currently applied in the engineering and regulatory sectors. It involves the following procedure: 1) consider the series of the maximum values of the peak wind velocity Ei , where E = D, T, F and i = 1, 2, ... n E are, respectively, the type and the order number of wind events; 2) determine the distribution of the maximum value of the peak wind velocity F Û E for each phe-
3) using mixed statistics, determine the distribution of the maximum value of the peak wind velocity F Û (Eq. 25); 4) determine the design peak wind velocity d (Eq. 26) and the design peak wind velocity pressure q d associated with a suitable value of the design return period R d : (27) 5) determine the design equivalent static pressure:
where C d is the dynamic coefficient evaluated with reference to extra-tropical depressions.
Using the dynamic coefficient of extra-tropical depressions for any wind phenomenon is clearly not correct.
Database Assisted Design
The Database Assisted Design (DAD) is coherent with the methods proposed by Yeo (2011) and Lombardo (2012) . It involves the following procedure: 
5) determine the design equivalent static pressure q ed associated with a suitable value of the design return period R d .
Differently from the classical DCM, this procedure involves the statistical analysis of the response, in this paper in terms of the equivalent static velocity pressure, instead of the wind velocity. It provides refined solutions through the use of systematic and burdensome computational analyses, in an advanced environment not yet familiar to most engineers.
Independent Loadings Technique
The Independent Loadings Technique (ILT) is a novel approach aimed at overcoming the shortcomings of DCM, avoiding the computational burden of DAD. Set in a framework that is different but not overwhelming engineering practice, it implies the following procedure: 1) consider the series of the maximum values of the peak wind velocity Ei , where E = D, T, F and i = 1, 2, ... n E ; 2) determine the distribution of the maximum value of the peak wind velocity F Û E for each wind phenomenon E = D, T, F;
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto the available data, referred to 2 years of measurements, do not fully justify the results with R = 50 years; under this viewpoint, they should be regarded as preliminary and indicative. The evaluation of the wind-excited response of structures is carried out by considering a series of ideal SDOF systems. They have fundamental frequencies n 0 = 0.1, 0.2, 0.5, 1, 2 and 5 Hz and damping coefficients ξ = 0.002, 0.01 and 0.05. The wind velocity is assumed as fully coherent on the exposed structural surface. Fig. 19 shows the values of the dynamic coefficient C d and of the mean response spectra <S dD >, <S dT > and <S dF > for all the examined structures. Schemes (a), (c) and (e) refer to the anemometer 2 of the Port of La Spezia; schemes (b), (d) and (f) refer to the anemometer 3 of the Port of Livorno. Schemes (a) and (b), (c) and (d), and (e) and (f) refer to structures with ξ = 0.002, 0.01 and 0.05, respectively. The dynamic coefficient is calculated by means of the method proposed by Solari (1993a Solari ( , 1993b , so it is coherent with the Eurocode 1 (2005).
In general, the values of the dynamic coefficients and of the mean response spectra are very high due to assuming the wind fully coherent on the exposed structural surface. The values of the dynamic coefficients associated with small fundamental frequencies and damping coefficients are particularly high, as already observed, due to expressing the maximum value of the response by Davenport's distribution; they imply a substantial overestimation of the structural response. The comparison among the mean response spectra associated with different wind phenomena shows tendencies analogous to those discussed previously. Fig. 20 shows the values of the design equivalent static velocity pressure q ed obtained by means of DCM, DAD (through both the procedures a) and b)) and ILT (namely q eDd , q eTd and q eFd ) for all the examined structures. Analogously to Fig. 19, schemes (a), (c) and (e) refer to the
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto For small values of the fundamental frequency and of the damping coefficient the values of the design equivalent static velocity pressure evaluated by DCM are clearly the highest due to the overestimation of the dynamic coefficient discussed above. The comparison among the design equivalent static velocity pressures evaluated by ILT for the different wind phenomena points out the peculiarities of the local wind climate: in La Spezia, the highest values of the design equivalent static velocity pressure occur with reference to thunderstorms; in Livorno, they are due to extra-tropical depressions. The design equivalent static velocity pressures evaluated by DAD tend to be comparable with those furnished by ILT, with the exception of the pressures associated with the dominant wind phenomenon (namely, the thunderstorm in La Spezia and the extra-tropical depression in Livorno), for which ILT provides greater solutions; in all the examined cases, the
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Giovanni Solari, Patrizia De Gaetano and Maria Pia Repetto procedure a) of DAD leads to results lower than those furnished by the procedure b). It is concluded that, on average, ILT provides results comparable or safe with respect to DAD.
Conclusions
The literature of wind engineering still contains a striking contrast. On the one hand, it is widely accepted the importance of considering the mixed nature of the wind climate, first separating and then combining through mixed statistics the wind velocities associated with different wind phenomena. On the other hand, in the absence of sufficient information and adequate tools for thunderstorms and gust fronts, the wind loading and response of structures are still evaluated by means of methods inspired to extra-tropical depressions. This gives rise to an almost unlimited range of hybrid and indeed conceptually wrong procedures. This paper provides some issues aimed to overcome the above limitations with reference to four main topics: the separation and classification of wind phenomena, the decomposition of wind velocity, the evaluation of the dynamic response of structures, and the mixed statistics of wind velocity and structural response.
The separation and classification of different wind phenomena is crucial to develop homogeneous evaluations of the dynamic response of structures and to determine the extreme distributions of wind velocity and structural response. This paper describes a semi-automated procedure to separate extra-tropical depressions, thunderstorms and gust fronts, creating three groups of homogeneous data. For each of them a criterion is proposed to extract the series of the independent maxima.
The decomposition of wind velocity is carried out by means of a unitary criterion that can be applied to any wind phenomenon. This paper points out its peculiarities, emphasizing the most characteristic aspects of its application to different wind phenomena. It is noted, in particular, that terrain roughness has a negligible effect on the structure of thunderstorms and the decomposition of gust fronts still deserves to be studied in depth.
The analysis of the dynamic response of structures focuses on the response spectrum technique. Such technique is not only an efficient tool for calculating the response of structures to transient events with short duration, such as thunderstorms, but it is also a suitable mean for revisiting the whole matter of the wind-excited response in a more general and comprehensive framework. The comparison of the wind-excited response of structures to extra-tropical depressions, thunderstorms and gust fronts, in particular, points out some shortcomings in adopting the classical Davenport's distribution of the maximum response for flexible and low-damped structures, where peaks are not independent, as well as in neglecting the quadratic term of the fluctuations for stiff and high-damped structures.
The study of the mixed statistics of wind velocity and structural response is carried out by means of three approaches referred to as the Dynamic Coefficient Method (DCM), the Database Assisted Design (DAD) and the Independent Loadings Technique (ILT). It is shown that in mixed climates the classical use of DCM is conceptually wrong. DAD is correct and definitely appropriate but involves relevant operative difficulties and high computational burdens. ILT is a novel approach aimed to overcome the previous limitations by altering deeply the setting of the formulation in conceptual terms, without changing thoroughly the operative way of the engineering practice.
